Porous carbon and carbide materials with different structures were characterized using adsorption of nitrogen at 77.4 K before and after pre-adsorption of n-nonane. The selective blocking of the microporosity with n-nonane shows that ordered mesoporous silicon carbide material (OM-SiC) is almost exclusively mesoporous whereas the ordered mesoporous carbon CMK-3 contains a significant amount of micropores (~25%). The insertion of micropores into OM-SiC using selective extraction of silicon by hot chlorine gas leads to the formation of ordered mesoporous carbide-derived carbon (OM-CDC) with a hierarchical pore structure and significantly higher micropore volume as compared to CMK-3, whereas a CDC material from a non-porous precursor is exclusively microporous. Volumes of narrow micropores, calculated by adsorption of carbon dioxide at 273 K, are in linear correlation with the volumes blocked by n-nonane. Argon adsorption measurements at 87.3 K allow for precise and reliable calculation of the pore size distribution of the materials using density functional theory (DFT) methods.
Introduction
Porous carbons 1, 2 are used in many applications such as gas storage, 3,4 gas separation, 5 catalysis, 6, 7 electrochemical energy storage, 8 or capacitive desalination. 9 Their qualification arises from chemical inertness, temperature stability, in parts electric conductivity, all in combination with high specific surface areas mainly contributed by a huge amount of micropores (<2 nm).
The controlled integration of microporosity into carbon materials is therefore a permanent issue in present-day materials science. For instance, beside the physical and chemical activation of carbonaceous materials, 10 the selective extraction of metal atoms out of metal carbide matrices has arisen to a powerful strategy for the directed synthesis of microporous carbons with a sub-angström accuracy. [11] [12] [13] Those materials are known as carbide-derived carbons (CDCs) and offer outstanding specific surface areas as high as 3000
However, certain applications such as protein adsorption, drug delivery, or any application where larger molecules need to be adsorbed require larger pores, denoted as mesopores (2-50 nm). [14] [15] [16] [17] These mesopores additionally favor enhanced materials transport within the porous structure and are therefore of significant importance. One well-known example for mesoporous carbon materials is called CMK (Carbon Mesostructured by Kaist). 18, 19 This type of carbon exhibits an ordered arrangement of uniform sized pores and it is synthesized by a hard-templating approach (also referred to as Nanocasting) 20, 21 of sucrose into ordered mesoporous silica templates (OMS).
Both strategies; the CDC approach, and the Nanocasting technique have very recently been combined for the purpose of synthesizing a carbon material offering both, well-defined microas well as mesopores. These carbons are known as ordered mesoporous carbide-derived carbon (OM-CDC). 22 They are synthesized via the infiltration of polycarbosilane precursors 3 into the pore system of OMS allowing for the formation of ordered mesoporous silicon carbide (OM-SiC). The silicon atoms can be selectively extracted using hot chlorine gas, thus leading to the formation of a large amount of micropores within the walls of the former mesoporous SiC. Since this transformation is highly conformal, the ordered mesopore structure is conserved. These carbons offer outstanding apparent surface areas as high as 3000 m 2 /g, coupled with total pore volumes as high as 2.0 cm 3 /g and therefore OM-CDCs are highly suitable in applications like gas storage, catalysis, capacitive deionization of water, and electrochemical energy storage. 22 In such adsorption related applications, the microporous carbon rods serve for high capacities, while the ordered mesopore system in between facilitates the access of the guest molecules to the adsorption sites. In consequence, OMCDCs offer improved kinetics in adsorption processes and advanced mass transfer behavior in electric double layer capacitor (EDLC) electrodes when compared to predominantly microporous CDCs or activated carbons.
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A clear understanding of the pore structure within such materials is of fundamental interest with regard to optimize them for the specific application. For instance, the ratio of micro-and mesopores in the hierarchical OM-CDC significantly influences the performance in gas adsorption and electrochemical energy storage. While advanced density functional theory (DFT) methods allow for a quite precise calculation of pore size distributions (PSDs) based on the adsorption of nitrogen (77.4 K) or argon (87.3 K or 77.4 K), different DFT kernels drastically differ when the amount of micro-and mesopores is determined from the same isotherm. Previous studies showed that the nitrogen physisorption at 77.4 K before and after pre-adsorption of n-nonane, which selectively blocks the micropores, is a useful method to clearly distinguish between the contributions of micro-and mesopores to the porosity of materials such as ordered mesoporous silicas (OMS) 23 and hierarchical activated carbons. 24 In this study we give a profound insight into the textual properties of different pores in micro-(CDC), meso-(CMK-3) and micro/mesoporous (OM-CDC) carbon materials. 4 We applied nitrogen physisorption, coupled with n-nonane pre-adsorption, for the determination of micro-and mesopore contributions in OM-SiC, OM-CDC, CMK-3 and a microporous CDC material. Carbon dioxide adsorption (273 K) confirms the selective blocking of micropores by the organic molecules. Additionally, argon adsorption (87.3 K)
gives deep insights in the narrow micropore structure of the materials. Scheme 1. Schematic illustration of the synthesis procedure and the pore structure of CMK-3, OM-SiC, and OM-CDC materials used in this study.
Experimental section:
Synthesis template were mixed with a 10 ml aqueous solution of 2.5 g sucrose to which was added 0.28 g 96% sulfuric acid. Polymerization of the hydrocarbon was achieved by heating the mixture to 373 K for 6 h followed by subsequent heating to 433 K for another 6 h. Complete infiltration of template pores was achieved by repeating the procedure described above with a 10 ml aqueous solution of 1.6 g sucrose to which was added 0.18 g 96% sulfuric acid, again followed by heating to 373 K and 433 K. Carbonization was carried out under flowing argon atmosphere in a horizontal tubular furnace. The material was heated to 1173 K with a rate of 150 K/h and annealed for 2h. Silica dissolution was achieved by treating the composite material in a hydrofluoric acid (35% aqueous solution)/water/ethanol mixture (1:1:1 by volume) for 3 h, followed by washing with large amounts of ethanol.
Synthesis of Ordered Mesoporous Silicon Carbide (OM-SiC):
In a mortar, 2 g of the SBA-15
template were infiltrated with a mixture of 2.1 ml liquid allylhydridopolycarbosilane SMP-10 and 0.5 ml of the cross-linker para-Divinylbenzene by the incipient wetness method.
Pyrolysis of the resulting SMP-10/SBA-15 composite was performed at 800°C for 2 h with a heating rate of 60 K/h. Silica dissolution was achieved in the same way as compared to the above described CMK-3 yielding a light brown powder.
Synthesis of Ordered Mesoporous Silicon Carbide-Derived Carbon (OM-CDC): OM-CDC
was prepared by high temperature chlorine treatment of the OM-SiC precursor. Therefore, approximately 1 g of the mesoporous carbide was transferred into a quartz boat and placed in a horizontal tubular furnace equipped with a quartz tube. After flushing with 150 ml/min argon the material was heated to 800°C with a rate of 450 K/h. When reaching that value the gas flow was changed to a mixture of 80 ml/min chlorine and 70 ml/min argon. After 3 h of chlorination the furnace was cooled down to 600°C under an argon flow of 150 ml/min. At 6 that temperature, the gas flow was changed to 80 ml/min hydrogen for 1 h with regard to remove chlorine and silicon chloride species adsorbed in the OM-CDC pores followed by cooling to room temperature under flowing argon.
Synthesis of microporous CDC: SMP-10 was pyrolized at 700°C in a similar procedure as described for the OM-SiC. Chlorination was performed in analogy to the OM-CDC, but at a maximum temperature of 700°C. The post-synthetic hydrogen treatment was also carried out as described for the hierarchical material.
Characterization: N 2 adsorption isotherms before and after n-nonane pre-adsorption were performed in a home-made manometric equipment developed at the Advanced Materials Group (LMA), now commercialized as N 2 Gsorb-6 (Gas to Materials Technologies;
www.g2mtech.com). Pre-adsorption of n-nonane was performed in the manometric equipment described above using the following procedure: after degassing the material at 523
K for 4 h, the sample was exposed to n-nonane (Aldrich, 99%) for 30 min at 77.4 K and then left in contact with the liquid for 3 h at room temperature. After the pre-adsorption, the samples were degassed at 298 K overnight prior to the second measurement of the nitrogen isotherm.
The carbon dioxide measurements at 273 K as well as the argon adsorption measurements at 87.3 K were performed on a Quantachrome Autosorb 1C apparatus.
Results and discussion
The N 2 physisorption isotherms of ordered mesoporous silicon carbide (OM-SiC, which is the precursor material of the later hierarchical CDC) ( Fig. 1) as well as ordered mesoporous carbon (CMK-3) (Fig. 2) show capillary condensation processes at medium relative pressures that are associated with the filling of the narrow mesopores present in both samples. The 7 shape of the hysteresis loops is typical for mesoporous materials with an ordered arrangement of nanorods. While the adsorption branch reaches saturation at a relative pressure of P/P 0 ~ 0.6 for the OM-SiC, distinct nitrogen uptake takes place up to P/P 0 ~ 0.7 in CMK-3 indicating a slightly larger pore size within the carbon material. The N 2 physisorption isotherm of OM-SiC after n-nonane pre-adsorption ( Fig. 1) is nearly equal to the sample before hydrocarbon loading. N-nonane blocks only 7% of the total pore volume indicating that this sample is almost exclusively mesoporous (Table 1) . Besides a slightly lower density of carbon compared to silicon carbide, the higher (mass-)specific surface area and pore volume of CMK-3 is associated with the presence of a certain amount of micropores and surface defects within the carbon nanorods. Therefore, the effect of n-nonane pre-adsorption on the nitrogen adsorption isotherm of the ordered mesoporous carbon is expected to be more important as compared to OM-SiC (see Fig. 2 ). In this sense, the hydrocarbon molecules selectively block 25% of the total pore volume of CMK-3 belonging to micropores which are reasonable for the high specific surface area of this material (Table 1) . Nevertheless, it can be summarized, that this sample can be regarded as being predominantly mesoporous.
In both materials the mesopore structure is not affected by n-nonane blocking since the sizes, shapes and positions of the hysteresis loops remain unchanged. This observation confirms that i) n-nonane is effectively removed from the mesopores after the degassing treatment due to its lower adsorption potential, i.e. only narrow micropores are blocked, and ii) n-nonane blocking of the micropores has no effect on the N 2 capillary condensation/evaporation on the mesopores. The selective extraction of the silicon atoms from OM-SiC leads to the formation of microporous carbide-derived carbon nanorods with a well defined mesopore system between them (Scheme 1). The presence of this ordered mesopore structure was determined in recent 9 studies by small-angle X-ray scattering as well as electron microscopy measurements. 22 The hierarchical pore structure of OM-CDC causes a very high apparent surface area ranging close to 2700 m 2 /g and a total pore volume as high as 1.83 cm 3 /g. The nitrogen physisorption isotherm of this sample exhibits a combination of type I and type IV contributions, according to the IUPAC classification (Fig. 3) . It shows a high N 2 uptake at low relative pressures (P/P 0 <0.1) and a distinct hysteresis loop located in the same relative pressure range as for the OM-SiC precursor material. In consequence, the effect of n-nonane pre-adsorption on this carbon material must be much more drastic compared to the almost exclusively (OM-SiC) and primarily (CMK-3) mesoporous materials. In fact, Fig. 3 shows that 53% of the pore volume is blocked by n-nonane molecules resulting in a much lower uptake in the nitrogen physisorption after the hydrocarbon adsorption. However, due to the presence of large mesopore volumes, OM-CDC exhibits a high specific surface area of 1176 m ). In contrast to the mesoporous samples described above, the hydrocarbon saturation does not only decrease the nitrogen uptake of OM-CDC but also causes obvious changes in the hysteresis loop. On the one hand, saturation seems to occur at slightly lower relative pressures and on the other hand, the total amount of condensed nitrogen is decreased.
This phenomenon is attributed to the presence of n-nonane blocking the microporosity, since part of the hydrocarbon chain points in the neighboring mesopores narrowing them in certain places. As described in the literature for ordered mesoporous silica materials, these newly developed constrictions modify the desorption mechanism, thus affecting the hysteresis loop. 23 In contrast to previously described lignocellulosic-derived activated carbons, 24 these results prove that there is a direct connection between the micro-and mesopores in OM-CDC,
i.e. this material constitutes a real hierarchical structure, and accessibility limitations of the mesopores due to the blocked micropores can be ruled out. In contrast to the hierarchical OM-CDC described above, a purely microporous CDC (Micro-CDC) material shows a typical type I isotherm with high N 2 uptake at low relative pressure followed by the formation of a plateau due to complete saturation. Due to the pure microporous nature of this sample, n-nonane blocks the pore volume almost completely (93%) and the amount of adsorbed nitrogen goes down close to zero, thus reflecting the absence of mesoporosity.
The effect of n-nonane pre-adsorption on the subsequent micropore filling mechanism can be more clearly discerned after comparing the different N 2 adsorption/desorption isotherms in logaritmic scale (see Fig. S1 ). On samples CMK-3, OM-CDC and micro-CDC, the presence of n-nonane blocking the narrow micropores gives rise to a drastic decrease in the amount of nitrogen adsorbed at low relative pressures, i.e. the large adsorption potencial on narrow micropores vanish due to the presence of n-nonane blocking these cavities. In addition to nitrogen physisorption before and after n-nonane, CO 2 adsorption at 273 K and atmospheric pressure has been proposed for the characterization of the narrow microporous structure, i.e. these pores below 0.7-0.8 nm. 25 As it can be observed in Figure 5 , the amount of CO 2 adsorbed highly depends on the porous structure of the sample evaluated. Whereas CO 2 adsorption at atmospheric pressure (P/P 0 ~ 0.03) is very low for mainly mesoporous samples, i.e. SiC and CMK-3, it highly increases for samples containing a large proportion of narrow micropores. Interestingly, there is a good correlation between the volume of narrow micropores (pores below 0.7 nm), deduced after application of the Dubinin-Radushkevich (DR) equation to the CO 2 adsorption data, and the volume of pores blocked by n-nonane, estimated from the second nitrogen physisorption isotherm as described above (see inset in To summarize the textural analysis using N 2 and CO 2 physisorption analysis, Table 1 reports the different textural parameters estimated before and after n-nonane pre-adsorption. of the silicon extraction process. Nevertheless, a slight shrinkage can be observed since the average pore size shifts towards a lower value as compared to OM-SiC (4.0 nm). For sample micro-CDC the pore size distribution was evaluated using the QSDFT method (slit-shape pore; equilibrium model) because no cylindrical mesopore system is present in this material.
The average size of the micropores (1.0 nm) is in close agreement to OM-CDC because of the common procedure for the generation of these micropores under comparable conditions. The complete blocking of the microporosity on this sample by n-nonane (93% blocking) confirms that n-nonane pre-adsorption constitutes a useful tool for the characterization of the narrow microporous structure (pores below ~1.0 nm) on carbon materials. corroborated by argon adsorption measurements at 87.3 K, which also proved to be a useful method for the characterization of the pore size distribution on the discussed materials.
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